is study investigated the real-time substructure shaking table testing (RTSSTT) of an equipment-structure-soil (ESS) system and the effects of soil on the seismic energy responses of the equipment-structure (ES) subsystem. First, the branch modal substructure approach was employed to derive the formulas needed for the RTSSTT of the ESS system. en, individual equations for calculating the energy responses of the equipment and the structure were provided. e ES subsystem was adopted as the experimental substructure, whereas the reduced soil model was treated as the numerical substructure when the RTSSTT was performed on the ESS system. e effectiveness of the proposed testing method was demonstrated by comparing the test results with those of the integrated finite element analysis. e energy responses of the ES subsystem in the case of rigid ground (i.e., the ES system) were compared with those considering the effects of soil (i.e., the ESS system). e input energy responses of the ES subsystem were found to decrease significantly after taking the effects of soil into account. Differences due to the soil effects should be considered in the seismic design for the ES system.
Introduction
e seismic performance of the equipment-structure (ES) systems is gaining extensive attention of researchers because of the increasing use of the equipment and other nonstructural elements in modern buildings [1] [2] [3] [4] . Most of the existing researches on ES interaction are based on the assumption that the ground is rigid, whereas a few studies have taken into consideration the effects of soil [5, 6] . e traditional shaking table testing method required the modeling of the whole ESS system, and the scale of testing was limited by the capacity of the shaking table used. Moreover, reproducing soil boundary conditions was technically complex. Real-time substructure testing [7] was proposed as a new method to study interactive shaking table model testing. In this method, the whole system was divided into experimental and numerical substructures.
e experimental substructures were subjected to loads applied by the shaking table, the numerical substructures were simulated with numerical analysis software, and interactive data communication occurred between them. is method reduced the scale of testing while maintaining acceptable accuracy [8] [9] [10] . For the application of real-time substructure tests on an ESS system, a key point is the calculation of the interaction effects between the soil and the ES subsystem. Jiang and Yan [11] obtained the equation of motion for a soil-structure system using the branch modal substructure approach and analyzed the effects of soil in terms of a coupling load between the soil and the structure. However, the conventional branch modal substructure approach was applicable only to linear analysis as it involved modal reduction for all branches. Wang and Jiang [12] proposed an improved method called the mixed linear-nonlinear branch modal method, with which the effects of the nonlinear properties of the system could be included in the analysis.
Compared with acceleration, displacement, and other indicators of general seismic responses of the system, the energy component can give an improved reflection of seismic mechanisms and has the potential to address the effect of earthquake duration and cumulative damage of the system directly [13] . From the perspective of energy, the soil has the capacity for energy dissipation [14, 15] , and energy transfer occurs between the soil and the upper structure during an earthquake [16, 17] . us, the response of the upper structure obtained in the research that considered the soil effects differs markedly from that obtained in the case of a rigid ground [18, 19] . Similarly, dynamic energy transfers between the equipment and the structure under seismic excitations, and this phenomenon is especially intense when frequency tuning takes place between the equipment and the structure. Studies have shown that the energy dissipation by the secondary structure (i.e., equipment) can alter the energy distribution in the primary structure [20, 21] . Taking the equipment, structure, and soil as a whole and analyzing the energy flow in the overall system can capture the seismic responses of the ES system more accurately and lead to a better understanding of the mechanism of interactions. However, these aspects have rarely been reported.
In the present study, the branch modal substructure approach was employed to derive the equation of motion for an ESS system. Energy response equations were derived for the ES subsystem, which allowed the energy responses of the equipment and the structure to be calculated separately in an analysis that included the soil effects. A scaled ESS model was treated as the research object.
e ES subsystem was adopted as the experimental substructure, with the structure being a four-story steel frame structure and the equipment as a two-degree-of-freedom (2-DOF) model. e soil was treated as the numerical substructure. Ritz vectors were used to reduce its DOFs to ensure the implementation of RTSSTT. e shaking table test of the ES subsystem and the RTSSTT of the ESS system were performed, and the effects of soil on energy responses of the subsystem were examined through a comparative analysis of the testing results.
RTSSTT Method Based on the Branch Modal
Substructure Approach e equation of motion for an ESS system was derived based on the branch modal substructure approach. After transformation, the equation was applied to the real-time substructure testing of the system. en, the equations for calculating the individual energy responses of the equipment and the structure were derived from the formulas involved in the RTSSTT of the system.
Equation of Motion for an ESS System.
e ESS system comprised soil, structure, and equipment (Figure 1(a) ). e system was divided into the following three branches using the branch modal substructure approach: branch d, rigid structure and rigid equipment on an elastic ground (Figure 1(b) ); branch s, deformed structure and rigid equipment on a rigid ground (Figure 1(c) ); and branch e, rigid structure and deformed equipment on a rigid ground (Figure 1(d) ).
e characteristic equations for branch d are presented in equation (1) , where k d and m d are the stiffness matrix and mass matrix, respectively, for the soil in branch d. en, the modal transformation matrix composed of m-order modes was obtained:
(1)
After modal transformation, the computational matrices for branch d can be expressed in the following forms:
where u d and q d represent the displacement coordinates and modal coordinates of the soil, respectively, in branch d. e damping matrix of the soil in branch d is represented by c d , which can be obtained by the general damping theory. e load matrix of the branch d is represented by f d . In practice, it is possible to reduce the computing scale for the soil by obtaining appropriate modes that meet accuracy requirements. As the equipment and the structure had relatively small numbers of DOFs and their nonlinearity could not be neglected, complete computational matrices were created for them. e displacement u s of the structure has two components: rigid-body displacement resulting from displacement of the soil (Figure 1(b) ) and intrinsic displacement of the structure (Figure 1(c) ), denoted by q s . It was given by
R sd can be determined from the rigid-body displacement of the structure resulting from the deformation of the soil in branch d. e displacement u e of the equipment can be broken down into three components: rigid-body displacement caused by the displacement of the soil (Figure 1(b) ), rigidbody displacement caused by the displacement of the structure (Figure 1(c) ), and intrinsic displacement of the equipment (Figure 1(d) ), denoted by q e :
R ed can be obtained from the rigid-body displacement of the equipment caused by the deformation of the soil in branch d. R es can be obtained from the rigid-body displacement of the equipment caused by the structural deformation in branch s. e relationships among the displacements of the soil, structure, and equipment can be described in a matrix form as follows: 2 Shock and Vibration
Rearranging the equation based on the branch modal substructure approach yielded the following equation of motion for the ESS system:
Moving the soil-structure coupling term m s R sd Φ d , the soil-equipment coupling term m e R ed Φ d , and the equipmentstructure coupling term m e R es to the right-hand side of equation (6) and rewriting in terms of load yielded the following individual equations of motion for the soil, structure, and equipment:
where m s , c s , and k s represent, respectively, the mass matrix, damping matrix, and sti ness matrix of the structure in branch s; m e , c e , and k e denote the mass matrix, damping matrix, and sti ness matrix, respectively, of the equipment in branch e; f s and f e are the load matrices for the structure and the equipment, respectively; q s is the displacement of the structure relative to the ground; and q e is the displacement of the equipment relative to the top oor of the structure. e right-hand sides of the equations of motion for the soil, structure, and equipment all contain coupling loads arising from their interactions (see equations (7)- (9)). e data exchange between the substructures is realized by the transmission of the coupling term loads.
e total load acting on the ES subsystem is illustrated in Figure 2 .
In Figure 
en, the equivalent translational acceleration € u eq applied by the shaking table in a uniform manner can be expressed as follows:
is study treated soil as the numerical substructure and the ES subsystem as the experimental substructure. e interaction between the soil and the structure was achieved by the data exchange of the coupling loads in equations (7)- (9) . e soil was subjected to the load of the structure and the equipment equation (7). e e ects of soil on the structure was transmitted by the coupling term load in equation (8) , whereas the interaction between the structure and the equipment, considering the e ect of the soil in equation (9), relied on their physical connection. e substructure testing procedure for an ESS system included the following speci c steps:
(1) First, the total load on the soil (as shown on the righthand side of its equation of motion) was assumed to Shock and Vibration 3 be known, and the acceleration response of the soil was computed (2) e coupling term load between the soil and the structure was calculated using equation (8) and applied to the ES subsystem via the shaking table (3) Based on the acceleration responses collected from the ES subsystem, the overall load experienced by the soil at the next moment can be calculated using equation (7), and the corresponding acceleration response of the soil can be calculated again e aforementioned steps were repeated until the testing ended, and the responses of di erent components of the ESS system were obtained.
Energy Response Equations.
e energy responses of the structure and the equipment were calculated based on their own equations of motion. Integrating both sides of the equations with respect to their displacements dq s and dq e , respectively, over the time interval [0, t 0 ] yielded their energy response equations as follows:
e terms on the right-hand sides of equations (12) and (13) represent the energy input to the structure, E IS , and to the equipment, E IE , respectively.
Application of RTSSTT
e RTSSTT of an ESS system was performed on the shaking table with dimensions of 3 × 3 m 2 at Beijing University of Technology. Uniaxial loading was adopted. El Centro, TianJin, and PerSon ground motions, which were suitable for type III site, were used as the seismic inputs, where El Centro and TianJin ground motions were earthquake records and PerSon ground motion was an arti cial seismic motion. e time history of the corresponding ground acceleration is presented in Figure 3 . e timescale factors for the three ground motions were 0.45. For the requirements of level VIII seismic intensity, the acceleration amplitudes of the three ground motions were adjusted to 0.7 m/s 2 during a minor earthquake and to 2.0 m/s 2 during a moderate earthquake. As equipment may collapse and the structure may be greatly damaged during major earthquakes, considering that the structure will be used in the following related researches, this study did not consider major earthquake conditions.
Experimental Substructure Model.
A one-fth scale model of an ES subsystem used in the RTSSTT tests is shown in Figure 4 . e four-oor steel frame structure model was constructed with H-beams with a cross section of dimension 100 × 45 × 6 × 8 mm 4 . e oor height was 0.63 m, except for the rst oor with a height of 0.68 m. e longitudinal and transverse spans of the structure were both 1.6 m. Each of the lower three oors had a total mass of 1700 kg, whereas the fourth oor weighed 1540 kg. e structural material had an elastic modulus of 202.0 GPa and a yield strength of 339.6 MPa. 
Numerical Substructure Model.
e material parameters of the foundation and soil are provided in Table 1 . Arti cial boundaries were introduced to simulate the e ects of radiation damping of the unbounded soil media. e nite element model of soil, constructed using ANSYS, had an overall dimension of 30 × 15 × 15 m 3 , and a foundation with a dimension of 2.2 × 2.2 × 0.4 m 3 was embedded into it. e height (h max ) and the width (b max ) of the soil elements satis ed the following conditions: h max (0.200 -0.125)λ s (where λ s is the wavelength) and b max ≤ 0.5 h max . e soil model was designed with a xed bottom and viscoelastic lateral boundaries (Figure 5) . Rayleigh damping was used for it, with a damping ratio of 0.2. Subsequently, the computational matrices for the soil model were derived. According to the Ritz vector method provided in a previous study [22] , the modes and frequencies of the soil were calculated and the rst 60 modes and frequencies were truncated to obtain a total mass participation factor of 0.95. en, the modal transformation matrix Φ d for the soil model was obtained. Furthermore, the computational matrices for the soil model after reduction were derived. In this way, the amount of computation was reduced in the precondition of precision ensuring. e modal reduced soil model can satisfy the real-time requirement.
Testing System and Control Method.
is study provides a brief description of the real-time substructure testing system. e complete real-time substructure experimental system consisted of a specialized engineering computer, a compiler, and input/output (I/O) devices. SIMULINK was installed on the computer for computing the numerical substructure and designing controllers. e I/O devices served to input the data acquired from the experimental substructure and output the computational data from the numerical substructure. e description of the loading device used in real-time substructure testing has a great in uence on the accuracy of testing. In order to track accurately the performance of the shaking table, an approach that combined real-time numerical feedback control and physical feedback control was used for the controller design (see Figure 6(a) ). e inverse dynamic compensation strategy, as reported elsewhere [23, 24] , was used for modeling certain dynamics of the shaking table in a real-time numerical feedback control loop. e transfer function which was used in the numerical feedback control loop was identi ed using MATLAB based on the reference signal and the measured acceleration of the shaking 
Figure 6(b) shows the comparative results of amplitudes and phases from the shaking table testing and the systematic identi cation. As can be observed, the results in these two cases coincide in terms of their overall trends, demonstrating that the transfer function tted by the systematic identication is capable of describing the actual vibrational motion of the shaking table. en, the physical part is driven by the shaking table controller, which helps to provide more accurate tracking and control of the shaking table trajectory.
Computational Module for Testing.
During testing, computational module and real-time energy output module were developed for the numerical substructure and experimental substructure, respectively. e computational module for the numerical substructure is shown in Figure 7 .
In Figure 7 ,ü g represents earthquake excitation, f sd represents the coupling load between soil and structure, f ed is the coupling load between soil and equipment, and x is a state variable composed of the modal displacement and modal velocity of the soil. e input variable u comprises the external and coupling loads. e output variable y denotes the physical acceleration of the soil after a coordinate transformation.ü out denotes the translational and rotational accelerations of the soil. e equivalent translational acceleration obtained using (11) was used as the actual seismic excitation to which the experimental substructure was subjected. A, B, C, and D in the equations can be expressed as follows:
In the energy response computation, Rayleigh damping was used for the structure and the equipment. e equipment was represented by a 2-DOF model. Each layer of the equipment had a sti ness of 744,368 N/m and damping of 174.5 N/(m/s). e structure was numerically simulated by a 4-DOF shear model obtained from the aforementioned parameters. Each of the lower three oors had a mass of 1700 kg, whereas the fourth oor weighed 1540 kg. e rst oor had a sti ness of 2,423,080 N/m and damping of 4463 N/(m/s), whereas each of the upper three oors had a sti ness of 3,833,120 N/m and damping of 7061 N/(m/s). Acceleration responses of di erent parts of the structure and the equipment were measured using 941B sensors during testing. After being processed by ltering, the collected data were used to derive the corresponding velocity and displacement responses through integration.
Considering, for example, the real-time energy output module for the structure, Figure 8 shows the schematic representation of the output module for the input energy of the structure. In this gure, vel denotes the relative velocity Shock and Vibrationresponse of the structure, f es denotes the coupling load between the equipment and the structure, and Earth represents the seismic excitation of the structure, which is earthquake records in the case of rigid ground and absolute acceleration when considering the e ects of soil. e input energy responses of the structure can be obtained using (12) via the matrix multiply and discrete-time integrator modules in SIMULINK. As the real-time energy output module for the equipment is similar to this one, it is not described in this study.
Results and Analysis
e reliability of the real-time substructure testing method proposed was validated by comparing the testing results of the ESS system with the results of the integrated nite element analysis. en, the e ects of soil on the energy responses of the ES subsystem were analyzed from the perspective of input energy.
Validation of the Testing
Method. An integrated nite element analysis was performed using Matlab. e computational matrices for soil presented earlier were used in this analysis. e structure and equipment were modeled with the aforementioned multiple DOF models. en, the results of the integrated nite element analysis and the substructure testing were compared in terms of an acceleration response of the equipment top relative to the structure top at an input peak ground acceleration (PGA) of 0.7 m/s 2 ( Figure 9 ). As shown in Figure 9 , the acceleration responses of the equipment top obtained by the two methods were roughly consistent.
e peak accelerations of equipment under El Centro, PerSon, and TianJin ground motions in the RTSSTT decreased by 5.7%, 8.9%, and 7.3%, respectively, than those obtained in the integrated nite element analysis. In the realtime substructure testing, errors were attributable mainly to di erences between the numerical and experimental models of the ES subsystem and the accuracy of the control method used in the testing. Overall, the real-time substructure testing method based on the branch modal substructure approach was reliable, valid, and able to deliver the desired accuracy.
E ect of Soil on the Energy Response of the ES System.
Shaking table tests were performed on the ES subsystem (case I: rigid ground) and ESS system (case II: considering the e ects of soil). In the tests of case I, earthquake ground motions were directly applied to the ES subsystem. e input energy responses of the ES subsystem by the end of ground motion under di erent conditions are displayed in Tables 2  and 3 . In the tables, Acc represents the PGA of the original seismic input of the shaking table, and the symbols EL, PS, and TJ denote El Centro, PerSon, and TianJin ground motions, respectively. Figures 10 and 11 show the timehistory curves of the equipment's input energy under different ground motions.
As shown in Figures 10 and 11 , the input energy curves of the equipment followed an overall downward trend compared with those in case I, and the rate of decrease di ered between di erent ground motions. For example, at an input PGA of 0.7 m/s 2 , the input energy of the equipment decreased by 54.26% and 64.82%, respectively, by the end of El Centro and TianJin ground motions, higher than the 24.58% decline under PerSon ground motion, than those observed in case I. A comparison between the results under di erent input amplitudes revealed that the e ect of the soil on the energy responses of the equipment related to the intensity of the seismic inputs. e input energy of the equipment under El Centro, PerSon, and TianJin ground motions at an input PGA of 2.0 m/s 2 decreased by 33.87%, 8.96%, and 47.52%, respectively, than those observed in case I, which was lower than that at an input PGA of 0.7 m/s 2 . Moreover, a comparison of the time-history curves of input energy in cases I and II revealed a smoother and steadier time history in case II.
ese phenomena suggested that the e ects of the soil reduced the input energy of the equipment and made its Shock and Vibrationenergy responses more likely to decay than in the case of the rigid ground. In addition to the characteristics of the ground motion, the e ects of the soil on the energy responses of the equipment also depended on the intensity of the seismic inputs: it tends to be weakened as the seismic intensity increases. Figures 12 and 13 show the time-history curves of the input energy of the structure under di erent ground motions.
e energy responses of the structure demonstrated that the soil had a similar e ect on the energy responses of the Shock and Vibration 9 structure as that on the equipment. After considering the e ects of the soil, the input energy responses of the structure decreased and the corresponding time-history curves became smoother. e decrease in the input energy of the structure was most signi cant under El Centro and TianJin ground motions at an input PGA of 0.7 m/s 2 . e corresponding decreases by the end of the ground motions were 80.02% and 70.90%. As the input amplitude increased, the e ect of the soil on the energy responses of the structure became weaker. At an input PGA of 2.0 m/s 2 , the input energy of the structure under the two ground motions decreased by 54.96% and 50.31%, respectively, compared with those in the case of the rigid ground.
ese results indicated that the soil can attenuate the energy responses of the structure, and the magnitude of its e ect varied with the intensity of the seismic inputs: an increase in the seismic intensity was associated with a decline in the e ect of the soil on the energy responses of the structure.
In conclusion, it is considered that the in uence of the soil will cause changes in the input energy to the equipment and structure. After considering the e ects of soil, the total energy input and its distribution characteristics can be changed signi cantly. Additionally, the magnitude of the e ects of the soil on the responses of the equipment and the structure depended on the intensity of the seismic inputs. As the intensity of the seismic inputs increased, the e ects of the soil became weaker. Special attention should be paid to such e ects in the design of the ES system.
Conclusions
In this study, the branch modal substructure approach was employed to derive the equations needed for the RTSSTT of an ESS system, and the individual equations for calculating the energy responses of the equipment and the structure were provided. e shaking table model testing of the ES system and the RTSSTT of the ESS system were performed. e real-time output of seismic energy responses of the experimental substructure was achieved using the equations combined with real-time substructure testing. e e ects of soil on the energy responses of the ES system were investigated. e main conclusions are as follows:
(1) e branch modal substructure approach can be used to derive the equations of motion for the ESS system, which can remove the redundant DOF of the soil in the precondition of high-computational efciency and precision ensuring. e modal reduced soil model can be directly allowed to implement realtime substructure testing. (2) A comparative analysis revealed small di erences and similar trends between the results of the RTSSTT and the integrated nite element analysis, demonstrating the validity and reliability of the RTSSTT method based on the branch modal substructure approach. (3) An energy calculation method for the energy responses of each part in the ES subsystem has been proposed. Combined with the RTDSST tests, a method of real-time energy calculation also has been proposed to evaluate the energy variations of the structure and equipment during the process of testing, thus facilitating a study of the e ects of soil on the energy responses of the equipment and structure. (4) After considering the e ects of soil, the input energy in the equipment and the structure decreased signi cantly. Designs of the equipment and the structure, based on an assumption of rigid ground, may be conservative.
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